The theory of the interaction of large, high-charge bearing, identical particles immersed in an electrolytic medium has been placed on a firm footing by Verwey and Overbeek.1 If an attempt is made to generalize this theory to nonidentical particles, its conclusions become physically unacceptable and a revision of some of its basic assumptions is necessitated. In the discussion which follows, an acquaintance with the Verwey-Overbeek theory is assumed.
1. Application of the Verwey-Overbeek Theory to Two Nonidentical Particles.-Consider two infinite parallel plates (the first at x = 0, the second at x = 1) in an ionic medium. The electric potential between them is found from the solution of the Poisson-Boltzmann (P.B.) equation, as developed by Debye and Hickel. Verwey and Overbeek2 impose the boundary conditions that the surface potentials, ,6(0) and t(l), are independent of the interaction, i.e., the separation distance 1. A family of curves results from the above, giving {t(x) as a function of 1; these are shown in Figure 1 for two identical particles, 4t(O) = 4t(l). It is seen that the minimum of +,(x) increases with increasing interaction and that the curve approaches a horizontal line in the limit as 1 approaches zero. An examination of the equation shows that the derivative with respect to 1, and hence the charge densities of the two plates (from Gauss's law), approach zero for large interaction.
But, if we now fix 4'(0) $ 4/(1) and cause these two nonidentical plates to approach, A,(x) must clearly acquire a larger and larger slope which will ultimately become infinite. The charge densities therefore also become unbounded, a conclusion which is physically unacceptable. The above physical argument (represented in Fig. 2) can be confirmed by an examination of the first and second integrations of the P.B. equation. Further, if we solve the linear approximation of the P.B. equation, we find that the force between these plates becomes infinite and attractive atl = 0.
These results point up the need for a revision of the theory. In particular, they indicate the need for a revision of the condition that the surface potentials remain independent of the particle interaction. This boundary condition is justified in the Verwey-Overbeek theory by the following argument. The charge on the surface has its origin in the adsorption of potential-determining ions from the solution.
There must exist, therefore, a drop in the chemical potential AA between these two phases. The adsorption is opposed by the electric potential difference, At(0). At equilibrium these two must balance, i.e., EV4/(O) + AM = 0, (1) where E is the elementary electric charge and v the valency. In calculating the free energy of this system, we follow the method proposed by Verwey and Oberbeek, i.e., slowly charging the surface by bringing up charges from infinity and considering the free energy changes due to (1) the chemical potential drop and (2) (7) where of is the. charge density on the ith plate and D the dielectric constant of the medium. From equations (7) and (5) We can now evaluate N1 -No0 by expanding equation (8) around the origin. It can be shown very simply that the charge density is only finite at 1 = 0 if Qj(0) = Qj(0), a result in complete agreement with our physical argument at the beginning of the paper as indicated in Figures 1 and 2 . Furthermore, it follows from the expansion that vi(0) = -aj(0), i.e., the charge density becomes reversed on one plate and equals in magnitude the positive charge density on the other.
To calculate the free energy, we proceed in the same general manner as Verwey and Overbeek, with suitable modifications for a nonidentical system.
Assume that at large distance plate 1 has a smaller positive charge than plate 2. Starting off with both plates electrically neutral, they are gradually charged up in an identical fashion until both simultaneously reach that charge density a = Ev(Ni -Noi) which plate 1 would have at equilibrium if it were interacting with another plate identical to itself. We then turn to plate 2 and charge it up to the equilibrium value desired for this system. Plate 1, during this second process, is always in thermodynamic equilibrium and will by itself reach its proper charge density without contributing to the AF.
In following this indicated procedure, the calculations are completely straightforward with one consideration. In the second charging process, when one calculates the electrical free energy change, one must evaluate the integral foe' (q2 cosh Kl + a,) du2. This necessitates finding dN2/dN,, which follows directly from equation (5) (11) The force between the plates is found from a differentiation of equation (11) 
which is formally identical with the Verwey-Overbeek expression. It is also apparent from equation (12) that the force between two nonidentical plates is always repulsive as long as the charge densities are both positive. But, since the charge density of one plate reverses its sign for large interaction, equation (12) must be examined more carefully.
The force is evaluated for small 1 by expanding equation (12) around the origin, using equations (7), (8), (9), and (10). The calculations are rather lengthy, and we shall simply state the result. It is found that, for I = 0, the force is finite and
This expression reduces to -(K/2-y)Q(0)2 for two identical plates, in agreement with equation (13), and is of course repulsive. Clearly, then, the force between two nonidentical plates is always less repulsive for 1 = 0 than between two identical plates and can become attractive for 'yJ ,(O) > JevQ(0)J. These two expressions can be evaluated from Qi(0) = Q2(0), and al(0) = -o-2(0), and the above inequality can be clearly satisfied for certain values of the parameters of the two plates.
Since Q(0) is proportional to 4'(0), it is apparent that attractive forces will arise for small potentials, which in turn justifies our use of the linear form of the P.B. equation.
We find, then, that the revised theory obviates the difficulties of the VerweyOverbeek theory with respect to nonidentical plates. Everything remains finite at all distances, and, if a certain inequality holds, the theory predicts that shortrange attractive forces arise between these particles. We explain these attractive forces by pointing out that two positively charged particles, if made to approach, drive charges off each other's surfaces. If they are identical, the charge density simply goes to zero in a symmetrical manner. If they are nonidentical, one surface will become neutral and then negative when the other is still positive. In this region two forces exist: an electrostatic attractive force between two oppositely charged particles and a repulsive force due to the affinity of the cations in solution for the plate surfaces. These ions attempt to migrate back to their sites (with an affinity which increases with decreasing charge density) and hence exert a counteracting influence, causing the plates to move apart. Under certain specified conditions the net force becomes attractive in this region. The difficulty with the Verwey-Overbeek theory is now also apparent. In that theory the affinity does not increase with loss of charge; hence a charge reversal is not counteracted, leading to an infinite accumulation of negative charge.
We find, therefore, in the revised theory that it is no longer necessary to resort to London-van der Waals forces in order to account for short-range attraction between nonidentical particles. This, of course, in nq way rules out the probable importance of these forces.
It is also of interest that the direction as well as the magnitude of the force between large particles is very much determined by their identity or nonidentity.
VOL. 41, 1955 Specifically, two particles always repel; two nonidentical particles may attract; they definitely repel less. This is clearly of some significance in biology, where the interactions of particles are very much determined by whether they are identical or not. In mitosis, for example, we must postulate that a chromosome is somehow capable of attracting to itself various nonidentical smaller molecules and synthesizing them into a replica of itself; then, when an identical particle has been produced, a repulsive force must arise, causing them to separate. It is clear that the required relationships between force and identity in the above situation are the same as in the revised theory.
The author hopes to publish in the near future a more extensive paper, giving more of the calculations upon which the above results are based, as well as additional consequences of the theory.
4. Conclusions.-Since the Verwey-Overbeek theory cannot be generalized to nonidentical particles, a revised theory is developed. When applied to identical particles, it gives the same expression for the force as the Verwey-Overbeek theory. It leads also to an acceptable expression for the force and charge density between two nonidentical particles and predicts the existence of short-range attractive forces (under specified conditions) between particles both positively charged at large separation. A physical explanation is offered for the origin of this attractive force.
The author wishes to express his appreciation to his wife, Enid H. Bierman, for her scientific and moral assistance. . 4 The-author has recently evaluated the complete nonlinear form of the P.B. equation with respect to nonidentical plates. The results bear out completely the conclusions of this paper, and will be published in the near future.
